Microstructures of columnar grains of uranium dioxide grown under the temperature gradient-sintered pellets, swaged compacts and vibratory compacts-below the melting point have been studied by optical and electron micrography.
I. Introduction
The attention of many researchers has been directed to the mechanism of the columnar grain growth in uranium dioxide under a certain temperature gradient.
The interpretations of the growth mechanism may be classified into two categories:
One is due to the solidification after melting-down, and the other is a directio- However, neither a conclusive interpretation on the growth mechanism nor a schematic treatment on the general pattern of the columnar grain growth has been established satisfactorily.
In this report, the author applied a temperature gradient to uranium dioxide specimens, including sintered pellets, swaged compacts and vibratory compacts, by using the center-line heating method, and studied the microstructure of columnar grains formed at temperatures below the melting point for the purpose of obtaining more detailed information on the growth mechanism.
II. Experiments
The temperature gradient in the specimen was produced by heating a tungsten wire inserted along the center-line axis of the specimen with an alternative The reasoning for the evidence that the columnar grain growth is induced in this experiment at a temperature below the melting point can be explained as follows:
Since the specimen is heated longitudinally, the molten UO2 tends to flow down to the outside through the clearance between UO2 and tungsten wire, leaving a void at the central part of the specimen. When there is no clearance between UO2 and tungsten, as in the case of a swaged compact, the molten UO2 is kept in the inside of the specimen. However, since tungsten molecules vaporized from the wire at high temperatures are mixed with the molten UO2 by the concurrent flow of the molten UO2 liquid, the molten region is distinguishable from the solid region.
Electron micrography was made on the fractured surface by use of the vacuum-evaporated carbon replica film.
The uneveness of the surface structure of pores was discerned by the shadow contrasting technique. There is no grain growth in the large fused U02 particles even above the temperature where the initial columnar grain growth can initiate, but the columnar grain growth occurs in the regions between large particles, where small powder particles are assembled together. In the case of swaged compacts, the localization of columnar grain growth is not observed, probably because the particle size is limited to be below 150 mesh. Also, in the case of vibratory compacts, lenticular voids and gaps along grain boundaries are observed in the region of columnar grains (Photo. 7). The size of the lenticular voids is larger than that of that in the swaged compacts. This may be due to the size of initial voids, resulting from larger porosity.
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of the theoretical density and is not so much different from that of the cold swaged U02 compacts, the density Photo. 8 shows columnar grains of a vibratory compact specimen of swaging grade U02 powder fired at temperature.
The particle distribution of the swaging grade U02
powder is not suitable for dense vibratory compaction theoretical density. The compact specimen of the swaging grade U02 powder was employed in order to compare the microstructure of its columnar grains to-that of the cold swaged compacts.
The average size of lenticular pores the swaged compacts. Moreover, the number of lenticular voids is much larger than that in the swaged compacts. is deformed by the following pore.
(2) Micro-pores in columnar grains Small fragments were sampled from the columnar grains of swaged compact and the structure of micropores was investigated by electron micrography.
Photos. 9 and 10 show a typical pore structure in the columnar grains. The presence of tails of the pore is to be noticed. From the standpoint of the sublimation process as a means to analyze the pore migration, the tails are considered to be located at the lower temperature side. Crystal growth steps, as reported already in a previous paper (9) , are also observed in the inner surface of the pore (Photo. 9). Photo. 10 shows a much clearer tailing structure, in which the traces of a very slight tailing structure are seen. The most adequate interpretation of these three kinds of pores is as follows: The pores in Photo. 9 is in a very early stage of columnar grain growth and the lenticular pores are in the final stage, although the movement of the pores has not been confirmed since the electron micrographs were taken after the center-line heating and the position of the pores was not distinguished.
If it is possible to sample the fragment in optical micrographic magnitude, the movement of pores might be distinguished.
IV. Summary and Discussion
The growth of columnar grains has not been observed in the region of non-porous large crystals as in large particles of vibratory compacts. In the case of highdensity sintered pellets, rugged columnar grains are formed, but large lenticular voids and single crystalline columnar grains are not observed. The grain growth mechanism of this type may probably be the grain boundary migration induced by the temperature gradient, as proposed by Suzuki(10) or by Robert et al (11) . Of course, it may be predicted that lenticular pores of the electron micrographic size are moving and single crystalline columnar grains are formed behind the lenticular pores, but such columnar grains are too small to be discerned.
Anyway, as compared with the grain boundary migration, the role of lenticular pores is not so effective for the growth mechanism of columnar grains in high-density sintered pellets. Two-types of columnar In these pellets, large lenticular voids and single crystalline columnar grains formed behind the voids have been observed. The migration mechanism of lenticular voids or pores may probably be a combined form of the vaporization-condensation process across the voids and the diffusion in the void surface. These lenticular voids are considered to arise from the craks or voids having already existed in the specimen in the as-manufactured state. The size of the lenticular voids has a close relation to the size of cracks or voids in the as-manufactured state and also to porosity.
In high porous specimens such as the vibratory compact of swaging grade U02 powder fired at high temperature, almost no rugged type columnar grains are grown and the movement of the lenticular voids plays a dominant role in the growth mechanism of columnar grains.
